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Abstract. 

The relationship between the degree of fine-tuning in Electroweak Symmetry Breaking (EWSB) and the discoverabiUty 
of dark matter in current and next generation direct detection experiments is investigated in the context of two unified 
Supersymmetry scenarios: the constrained Minimal Supersymmetric Standard Model (CMSSM) and models with non- 
universal Higgs masses (NUHM). Attention is drawn to the mechanism(s) by which the relic abundance of neutralino dark 
matter is suppressed to cosmologically viable values. After a summary of Amsel, Freese, and Sandick (2011), results are 
updated to reflect current constraints, including the discovery of a new particle consistent with a Standard Model-like Higgs 
boson. We find that a Higgs mass of ~ 125 GeV excludes the least fine-tuned CMSSM points in our parameter space and that 
remaining viable models may be difficult to probe with next generation direct dark matter searches. Relatively low fine-tuning 
and good direct detection prospects are still possible in NUHM scenarios. 
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INTRODUCTION 

Supersymmetry is a well-studied and elegant extension of the Standard Model of particle physics. If supersymmetry 
is broken near the weak scale, not only is it possible to achieve gauge coupling unification, but the Hierarchy 
Problem is also addressed through cancellations of the quadratically divergent corrections to the Higgs mass squared. 
Furthermore, supersymmetric theories provide a host of natural particle candidates for dark matter. Specifically, we are 
interested in supersymmetric models in which the lightest neutralino is the lightest supersymmetric particle (LSP), and 
constitutes some or all of the observed dark matter in the universe. In many cases, neutralino dark matter is predicted 
to scatter on nuclei with a cross section large enough to be observed by current or next generation direct detection 
experiments. 

Despite these virtues, supersymmetric theories often suffer from fine-tuning issues related to the fact that the Z 
mass can be calculated from supersymmetric parameters that may take values quite far from the weak scale. Here we 
address the question of what can be leamed about fine-tuning from direct dark matter searches. 

I begin by summarizing the results of Amsel, Freese, and Sandick (201 1) [I], in which ease of discoverability of 
neutralino dark matter in direct detection experiments, fine-tuning of electroweak symmetry breaking (EWSB), and 
the relationship between the two are explored for two supersymmetric scenarios in which there are large degrees of 
universality at the supersymmetric grand unification (GUT) scale. The conclusions reached are in agreement with 
those of Ref. [2], which investigated the MSSM with relevant parameters specified at the weak scale and with the 
assumption that neutralinos constitute all of the dark matter in the Universe. After presenting the results of [1], I go 
on to explore the sensitivity of those conclusions to the mass of the Standard Model-like Higgs boson [3, 4] and the 
recently improved measurement of the branching ratio, BR{Bs H^jJ.^) [5]. 

The two scenarios studied are special cases of the Minimal Supersymmetric Standard Model (MSSM); namely, the 
constrained MSSM (CMSSM), and models with non-universal Higgs masses, (NUHM). All CMSSM models can be 
described by four parameters and a sign: a universal mass for all gauginos, Mi/2> a universal mass for all scalars, 
Mo, a universal triUnear coupling, Aq, the ratio of the Higgs vacuum expectation values, tanjS, and the sign of the 
Higgs mass parameter, jj.. In NUHM scenarios, additional freedom in the Higgs sector is introduced by allowing the 
supersymmetry-breaking contributions to the effective masses of the up- and down-type Higgs scalars, mH„ and niHj, 
respectively, to differ from the universal mass taken by the supersymmetric scalar particles at the GUT scale, Mq. 

After introducing the methodology and parameter space, the relationship between EWSB fine-tuning and discover- 
ability of dark matter via neutralino-nucleon elastic scattering is discussed, with emphasis on the specific mechanisms 



by which the relic abundance of neutralino dark matter is reduced to cosmologically viable values in the CMSSM and 
the NUHM. Finally, the impact of updated constraints on the conclusions of [1] is addressed. 

THE PARAMETER SPACE 

In Ref . [1], we explore the parameter space of the CMSSM and NUHM by scanning over the relevant input parameters, 
applying constraints, and identifying trends in viable models. In both the CMSSM and the NUHM, we assume ji > 
and scan the ranges 1 < tanj3 < 60 and -12 TeV < Aq < 12 TeV. In the CMSSM, we scan < Mq < 4 TeV and 
< Ml/2 < 2 TeV while in NUHM space we take < Mq < 3 TeV, < Mj/j < 2 TeV\ and the GUT-scale Higgs 
scalar mass parameters —3 TeV < Mh^^j{Mqut) < 3 TeV. Since gaugino universality is assumed in both cases, the 
electroweak scale mass relations of Mi : M2 : M3 « 1 : 2 : 6 hold for both the CMSSM and the NUHM. 

We begin by imposing a lower limit on the mass of the light CP-even Higgs boson, m/, > 11 4 GeV [6]. Accelerator 
bounds on SUSY parameters are enforced, including ;7i^± > 104 GeV [7] and, following [8], wir, .t, > 100 GeV. We 
allow a 3a range for the BR{b — > sj) as recommended by the Heavy Flavor Averaging Group [9J; accounting for 
the improved Standard Model calculation [10], we take 2.77 x lO""* < BR{b sy) < 4.27 x 10""*. We also demand 
demand -11.4 x 10""' < 5{g^ -2) < 9.4 x 10"^ [11]. Finally, we require BR{Bs -J> M+jU") < 10"^ as measured 
by CDF [12]. After summarizing the results of [1] as obtained by implementing these constraints, we explore the 
sensitivity of our conclusions to the Higgs mass and the recently improved limit on BR{Bs jJ-^jJ.^). 

For all models, we apply the 2(7 upper limit on the relic abundance of neutralino dark matter^ of Q.^oh^ < 0.12 [13]. 
For bino-like neutralino LSPs, thermal freeze out typically results in an overabundance of dark matter. Regions 
of parameter space where the abundance falls in or below the observed range often involve one or more specific 
mechanisms that act to reduce the neutralino abundance. Examples of these mechanisms include coannihilations of 
LSPs with other supersymmetric particles and LSP annihilations at a Higgs pole. In the former case, it's necessary 
that a viable coannihilation candidate particle be nearly degenerate in mass with the neutralino LSP, while in the latter 
case, s-channel annihilations through h 01 A exchange are enhanced when 2m ^0 ~ rrihA. If the LSP has a significant 

higgsino admixture, it is possible for the relic density to be consistent with the measured abundance of dark matter 
even in the absence of coannihilations or a resonance. We make no a priori assumptions about the composition of the 
neutralino LSP, and we differentiate model categories by the mass relation obeyed by the relevant particles as listed in 
Table 1. We label the model categories by armihilation mechanisms; the named mechanism is usually, but not always, 
the primary one for producing the correct relic abundance. In some cases, models may satisfy more than one mass 
relation, while in other cases, none of the mass relations are satisfied. If the latter, points that obey the limit on the relic 
density of dark matter are labeled "other," and typically the LSP is a mixed bino-higgsino state. 



TABLE 1. Annihilation mechanisms as specified by mass relations. All model points that do not obey one 
of these mass relations are labeled "other." 



Model Category 


Mass Relation 


Model Category 


Mass Relation 


Stop Coannihilation 
Stau Coannihilation 
Chargino Coannihilation 


m,- — m^o < 0.2ra^o 
mf, — m^o < 0.2m^o 
mi>T —m^o < 0.15m»o 


Light Higgs Pole 
Heavy Higgs Pole 


1 jW/, — m^o 1 < 0. Im^o 

2 Ota - m^o < 0. im^o 



In Figure 1 we present the (Mi/2,Mo) plane of the CMSSM (left) and the NUHM (right). Of the mass relations 
plotted, some are more localized in the CMSSM plane than in the NUHM plane. For example, the m^o ~ m^± points 

in the CMSSM all occur at large Mq and small M1/2 since that is the only region of the CMSSM plane where the 
neutralino LSP is significantly higgsino-like so that this near-degeneracy is possible. In the NUHM, however, the 
restriction that mn^ [Mgut] = (Mgut) = Mq is relaxed, so there is considerably more freedom in the Higgs sector. 
As a result, the neutralino LSP may be higgsino-like in any region of the (Mi /2 > ^0 ) plane. Indeed, there are m^o « m^± 
points spread throughout the NUHM plane in the right panel of Fig. 1. 



^ For NUHM models, our scan is more dense for M1/2 < 1 TeV. The difference in density of points does not affect our conclusions. 
^ In [1] we also investigate the implications of requiring that the entire dark matter abundance is due to neutralinos. 
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The (Afi/2,Mo) plane of thie CMSSM (left) and the NUHM (right). Models are color-coded by mass relation as 
the legend. 



FINE-TUNING 



Despite the successes of the MSSM, fine-tuning of the Z mass is a generic issue for supersymmetric models. Neglecting 
loop corrections, the Z mass in the MSSM is given by 



'4 



4„i 



l-sin2 2j3 



(1) 



where all parameters are defined at niz- Clearly, a cancellation of the terms on the right hand side is required in order 
to obtain the measured value of niz- However typical values for parameters on the right hand side can be orders of 
magnitude from the weak scale. 

As noted in [14] and [15], the degree of fine-tuning may be quantified using log-derivatives. Here, we follow [16] 
and compute the quantity 



d log m| 



where ^ — n-i^ , , b, and /i are the relevant Lagrangian parameters. Then 
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where it is assumed that tanjS > 1. The overall fine-tuning A is defined as 
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FIGURE 2. Spin-independent neutralino-nucleon elastic scattering cross section, Osi, as a function of neutralino mass MyO for 
the CMSSM (left panels) and the NUHM (right panels). Model points are color-coded by mass relation as indicated in the legend. 
The limit on Osi from XENON- 100 and the projected sensitivity of XENON- IT are shown as black and green curves, respectively. 

with values of A far above one indicating significant fine-tuning. Quantum corrections further contribute to the fine- 
tuning, e.g. the one-loop contribution to the mj^^^ parameter from top and stop loops. In this study, we compute the 
fine-tuning parameter. A, accurate to at least one loop, as well as the cross sections for scattering of neutralino dark 
matter on nuclei, with MicrOMEGAs [17], employing the spectrum calculator SUSPECT [18]. 

DIRECT DARK MATTER SEARCHES 

For each viable model point, we calculate the spin-independent neutraUno-nucleon elastic scattering cross section, Osi, 
to be compared with the limits from direct dark matter searches. Here, we focus on the XENON-100 limit [19] and 
the projected sensitivity of the XENON-IT experiment [20]. For details of the calculation and relevant uncertainties, 
see [1,21,22]. 

In Fig. 2 we show Gsi as a function of LSP mass, m^o, for model points that pass all constraints, as in [1]. Points 
are color-coded by mass relation as indicated in the legend. The black (upper) and green (lower) curves in each panel 
represent the upper limit on Gsi from XENON-100 and the projected sensitivity of XENON- IT, respectively. We find 
that there is significantly more variation in Gsi in the NUHM than in the CMSSM, especially for m„o < 150 GeV or 

m„o > 700 GeV. This is a straightforward consequence of the additional freedom in the Higgs sector in the NUHM for 
two reasons: First, since ji is fixed by the electroweak vacuum conditions, which are related to the Higgs scalar masses, 
the LSP can be made Higgsino-like for nearly all choices of Mj ^2 and Mq in the NUHM. Furthermore, in the NUHM 
it is possible to maintain nearly the measured value of the relic density of neutralinos even if they are largely higgsino- 
like. In the CMSSM, higgsino-like LSPs annihilate efficiently, resulting in very small n„o, and would therefore be 
difficult to observe in a direct detection experiment. In the NUHM, however, the varied higgsino content leads to a 
much larger range of effective scattering cross sections. Second, since the mass of the heavy CP-even Higgs boson, H, 
is not constrained by the choice of Mq in the NUHM as it is in the CMSSM, a larger range of mn is possible. Since 
Gsi °^ 1/ injj for scattering via Higgs exchange, a larger range of Gsi is therefore possible. Higgs masses are bounded 
from below by collider constraints, so the main effect is that since mn can be much larger in the NUHM than in the 
CMSSM, lower scattering cross sections are possible. These findings are consistent with those presented in [23]. 

Returning to the question of the relationship between annihilation mechanism (mass hierarchy) and fine-tuning. 
Figs. 3 and 4 show the (m^o, (is/) plane for a variety of subsets of our CMSSM and NUHM parameter spaces chosen 

A] 

by mass relation. Points in Figs. 3 and 4 are color-coded by the value of A, the fine-tuning parameter, for each model 
point. 
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FIGURE 3. Spin independent elastic scattering cross section, CTj/, as a function of LSP mass, MyO, for the CMSSM (left panels) 
and the NUHM (right panels). Models are divided according to the mass relations as discussed in the text. 



Stau Coannihilation. In the top left and right panels of Fig. 3 we show the points obeying the mass relation that 
roughly characterizes morels for which neutralino-stau coannihilation is significant, namely m„o ~ Wf j , in the CMSSM 
and the NUHM, respectively. In both cases, the least fine-tuned models are the most accessible to direct detection 
experiments. In the CMSSM, there is a clear anti-correlation between Osi ^nd A, but in the NUHM the relationship 
is less clear Furthermore, in the CMSSM is appears that all cases with very light m„o ~ '«fi ^ 180 GeV would be 

A] 

accessible to XENON- IT^, however this conclusion does not hold for the NUHM, where there is considerably more 
variation in both Osi and A. 

Stop Coannihilation. The bottom left and right panels of Fig. 3 show the model points obeying the mass relation 
m„o « mj in the CMSSM and the NUHM, respectively. In both the CMSSM and the NUHM these models are 
extremely fine-tuned with A > 1000. The large fine-tuning comes from the fact that in order to get nij^ to be low 
enough to be close to the LSP mass, the running of m,- from Mo{Mqijj) must be accelerated. This can be achieved 
with a large value of the top trilinear coupling, |A, | > 1 TeV. These large values of A, also drive m//„ to be large and 



^ We note that statements regarding detectability in specific experiments depend on the strangeness content of the nucleon. which is not well-known 
and can change a^i by a factor of a few [22]. We caution against a strict inteipretation of whether a model point is detectable in a particular 
experiment, but use the sensitivity contours as general guidehnes. 
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FIGURE 4. Spin independent elastic scattering cross section, CTj/, as a function of LSP mass, MyO, for the CMSSM (left panels) 
and the NUHM (right panels). Models are divided according to the mass relations as discussed in the text. 



negative. One can see from Eq. 1 that in order for EWSB to produce the observed value of mz, in the CMSSM, a large 
value of jj. is then required. 

Eqs. 3 and 4 show the strong dependence of A on ji. To illustrate it even more clearly, consider the case of large 
tanjS, when A = y/5 x ii^/m^ + 0(1 / tan^jS). Clearly, large jj. implies large A. It is obvious then why these models 
are all very fine-tuned for the CMSSM. The additional freedom in the Higgs sector of the NUHM admits somewhat 
smaller /i, but overall the fine-tuning is uncomfortably large in both the CMSSM and the NUHM for models with 

Chargino Coannihilation. In the top left and right panels of Fig. 4 we show the points obeying the mass relation 
that roughly characterizes neutralino-chargino coannihilation, m^o ~ m^±, in the CMSSM and the NUHM, respec- 
tively. Since the neutralino LSP is a mixture of bino, and neutral wino and higgsino states while the chargino is a 
mixture of charged wino and higgsino states, and since gaugino universality implies that that the bino mass is al- 
ways ^1/2 the wino mass, in order for m^o « m^± they must both have significant higgsino components. When 
jj. <Mi, m^o ~ m^± w fi, in which case heavier neutralinos and/or charginos will have larger jj. and are therefore more 
fine-tuned, as is evident in the upper panels of Fig. 4 for both the CMSSM and the NUHM. 

Since the LSP is a mixed bino-higgsino in these cases, Osi is generally quite large. There is more variation in Osi in 
the NUHM than in the CMSSM for the reasons discussed above related to the variation in higgsino content and inn- 
In the CMSSM, all models in this category would be detectable by XENON- IT, while this is not quite the case in the 



NUHM. 



Higgs Poles. Finally, in the bottom panels of Fig. 4 we show models in which the LSP is nearly degenerate with 
the light or pseudoscalar Higgs for the CMSSM (left) and the NUHM (right). The light Higgs pole occurs where 
2m^o ~ m/,, so m^o « 60 GeV. For such a light LSP, it is necessary that both Mi and jJ. are small, so the fine-tuning 
is relatively low in these models. The heavy Higgs pole occurs where 2m„o ~ WM. Again, because of the additional 
freedom in the Higgs sector in the NUHM, the parameter space for A-pole annihilations is larger than in the CMSSM, 
resulting in a larger range of Gsi in the NUHM than in the CMSSM. In the CMSSM, A-pole points at lower m^o and 
with larger o^/, i.e. the most accessible to direct dark matter searches, are the least fine-tuned. In the NUHM, that 
conclusion does not hold; points with A as small as a fewx 10 have cross sections that may not be accessible even to 
next generation direct detection experiments. 




FIGURE 5. Spin-independent neutralino-nucleon scattering cross section, CTj/, as a function of fine-tuning parameter. A, for the 
CMSSM (left) and the NUHM (right). Color-coding indicates the mass relation obeyed as described in the legend. 

Finally, the left and right panels of Fig. 5 show the spin-indedepent neutralino-nucleon elastic scattering cross 
section as a function of the fine-tuning parameter in the CMSSM and the NUHM, respectively. From the general 
downward slope of the points in the (A, CTj/) plane, it is evident that as A becomes large, Oj/ tends to decrease in both 
the CMSSM and the NUHM. This is related to the fact that large A implies large jj., which, all other factors being fixed, 
would result in a more bino-like LSP. Especially in the CMSSM, the least fine-tuned models tend to be the easiest to 
rule out, with the general trend that increasing sensitivity to Gsi will test increasingly fine-tuned models. 

In the NUHM, the relation between Gsi and fine-tuning does not hold as clearly. For example, models with small 
fine-tuning and m^o w m„± may be much more difficult to discover via direct dark matter searches if we are in an 
NUHM scenario than if the CMSSM is an adequate description of nature. Given the additional freedom in the Higgs 
sector of the NUHM, it is perhaps surprising that the CMSSM and the NUHM exhibit as many similarities as they do. 



IMPLICATIONS OF HIGGS SEARCHES AND THE LIMIT ON BR(5, ^ [i+ii^ 

Thus far we have summarized the results of [1]. Since the publication of [1], however, there have been two measure- 
ments that have a profound effect on the parameter space of the CMSSM and the NUHM: First, the LHCb Collabora- 
tion placed a very strong limit on the branching ratio of of BR{Bs — > jX^jJ.^) < 4.5 x 10^^ at the 95% confidence 
level [5]. This branching ratio is enhanced at large tanj3, a general feature of models excluded by the new constraint. 
The second important measurement is the discovery of a new particle with properties consistent with those expected of 
a Standard Model-like Higgs boson with a mass of ^ 125 GeV [3, 4]. This relatively large mass, within the CMSSM 
or NUHM, favors large Aq and large tan/3 [24]. 

To investigate the implications for our results of these recent developments, we demand the BR{Bs — ^ < 
4.5 X 10"^ and 123 GeV < ;«/, < 127 GeV. In Fig. 6, we show the remaining model points in the CMSSM (left) and 
the NUHM (right) after implementing these constraints. Comparison with Fig. 1 shows that, especially in the CMSSM, 
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FIGURE 6. The (Mi/2,Mo) plane of the CMSSM (left) and the >aJHM (right) after applying BR{B, ^ > 4.5 x lO"'' 

and 123 GeV < m/j < 127 GeV. Models are color-coded by mass relation as described in the legend. 



the combined effect of the limit on the BR{Bs fi^jj.^) and w/, w 125 GeV leaves few viable model points. We note 
that these data were generated prior to indications of a large Standard Model-like Higgs mass, so the parameter ranges 
were not chosen to optimize the parameter space with m/, w 125 GeV. The indication, however, is that the fraction of 
surviving models is far greater for the NUHM than the CMSSM. 

For example, one can see from Fig. 6 that in the CMSSM no points with a substantial higgsino fraction survive. The 
primary cosmologically-viable region of CMSSM parameter space where the neutralino LSP is significantly higgsino- 
like is known as the focus point region, where ji is small and Mq is large. For Mq < 4 TeV as we explore here, we do 
not find any model points compatible with m/, w 125 GeV, though the possibility of mixed bino-higgsino dark matter 
and large enough m/, at larger Mq still exists [24, 25]. Among NUHM models, by contrast, there are many surviving 



model points with m„o 



' m„±, where the LSP is a mixed bino-higgsino state. 



A striking feature in both the CMSSM and NUHM (Mi/2,Mo) planes is that the light Higgs pole appears to have 
been excluded. The constraint on the mass of the Standard Model-like Higgs leads to a dearth of viable models at low 
Ml/2 in both the CMSSM and the NUHM. 

Turning to the direct detection prospects, the upper panels of Fig. 7 reveal that in the CMSSM, the models most 
likely to be discovered by direct dark matter searches are already excluded by the measurement of the Higgs mass and 
the BR{Bs ji^ji^), while in the NUHM, models with m„o ~ HJy±, as well as some scenarios in which m„o w nif. 
and/or annihilations are enhanced by the A-pole, may be accessible to XENON-IT or a similar next generation direct 
dark matter experiment. Finally, the lower panels of Fig. 7 illustrate that in the CMSSM, the least fine-tuned models 
have already been excluded; remaining CMSSM points have large fine-tuning and small spin-independent neutralino- 
nucleon elastic scattering cross sections. NUHM scenarios, by contrast, still allow for the possibility of low fine-tuning 
and large enough spin-independent neutralino-nucleon elastic scattering cross sections that there is still reason to be 
optimistic about the prospects for discovery in next generation direct detection experiments such as XENON- IT. 



SUMMARY 



The relationship between the degree of fine-tuning and discoverability of dark matter in current and next generation 
direct detection experiments has been investigated. In [1] it was found that there is considerably more variation in the 
spin-independent neutralino-nucleon elastic scattering cross section in the NUHM than in the CMSSM, and as a result 
there is less coiTelation between the degree of fine-tuning and direct detection prospects in the NUHM than in the 
CMSSM. The least fine-tuned CMSSM model points would be the first probed by direct dark matter searches. In the 
NUHM, this conclusion is only approximate. 
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FIGURE 7. Spin-independent neutralino-nucleon elastic scattering cross section, CTj/, as a function of neutralino mass, m^o, 
(top panels) and fine-tuning parameter, A, (bottom) for the CMSSM (left panels) and the NUHM (right panels). Model points are 
color-coded by mass hierarchy as indicated in the legend. 



The relationship between degree of fine-tuning and discoverabihty of dark matter in direct detection experiments 
was examined also in light of the specific mechanism(s) by which the relic abundance of neutralino dark matter is 
suppressed to cosmologically viable values. These mechanisms are modeled by considering mass relations roughly 
indicative of the regions of parameter space in which a particular mechanism would act to significantly enhance the 
dark matter annihilation rate in the early universe. Models with m„o ~ m„± may have low fine-tuning and large spin- 
independent neutralino-nucleon elastic scattering cross section. For M^o ^ Mf, , in the CMSSM most cases with very 

A] 

Ught m„o w mf, < 200 GeV would be accessible at XENON- IT or a similar experiment. For the NUHM, however, it 

A] 

is possible that the lightest neutraUno has asi < 10^'^ pb for a large range of m^o. For the case of M^o ^ Mj^ , it is clear 
that the neutralino dark matter would not be discoverable even with an experiment like XENON- IT, and furthermore 
almost all of the points in this case are quite fine-tuned with A > 1000. 

Finally, we investigated the impact on our results of the discovery of a new particle consistent with a Standard 
Model-like Higgs boson with a mass of ^ 125 GeV as well as the improvement in the limit on the BR{Bs — ^ ji'^jj.^). 
We find that these two constraints already exclude the least fine-tuned CMSSM points and that remaining viable 
parameter space may be difficult to probe with next generation direct dark matter searches. However, relatively low 
fine-tuning and good direct detection prospects are still possible in NUHM scenarios. 
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